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Cities of the 21st century consume massive amounts of energy, and indoor climate control within the built 
environment is responsible for a large fraction of the total demand. With pressures to make buildings more 
environmentally friendly, new energy efficient technologies and designs are continually sought after. A green roof, 
or a living roof, is a structural design approach that can provide a variety of ecosystem services along with the 
reduction of building energy demands. It has been shown that green roofs are effective tools for reducing cooling 
energy demands in warm and sunny climates; however, in cold climates, where heat energy demands dominate, 
there is a lack of research and general uncertainty about how beneficial a green roof may be. 
 
This thesis, conducted during the winter of 2013-2014, focused on the thermal performance of green roofs in cold 
weather (winter) conditions. The aim of the study was to quantify the reduction in energy loss that a green roof 
achieves and to examine the thermal behaviour of each of the green roof layers. Extensive green roofs with hot 
boxes underneath were constructed in Lahti (southern Finland). Heat sensors were placed vertically through the 
bare and green roofs to measure linear heat transfer from the interior to the exterior. Heat transfer by conduction 
was assessed, and a steady state analysis was used to quantify heat flux values. Furthermore, a green roof thermal 
conductivity model was developed to estimate the thermal conductivity of each of the layers under various 
environmental conditions (changing moisture contents, frost depths, and during freezing and thawing periods). 
Monthly comparisons of the energy lost through the two roofing structures were quantified. 
 
My results showed that green roofs reduced the amount of energy loss through the surface compared to bare roofs 
throughout the winter season. The overall reduction in energy loss, due to the presence of green roofs, was on 
average, 32.6%. Layer analysis showed that thermal conductivity of each of the layers decreased when penetrated 
by frost. A frost depth that extended through the whole green roof yielded the highest thermal resistance for the 
green roof at 3.96 m2KW-1. Comparatively, the bare roof had a thermal resistance of 0.27 m2KW-1. During times of 
snow coverage, the snow acted as a good thermal insulator, reducing the relative benefits achieved from green 
roofs. During refreezing and thawing, the green roof experienced the lowest values of thermal resistance at 1.83 
m2KW-1. These results can be used for quantifying possible heat loss reductions in similar climates using a similar 
green roof, and the layer analysis provides information of how to best design green roof components for thermal 
reistance. 
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Nomenclature 
 
 𝑄  Heat Flux [W/m2] 
 𝑄!   Conductive heat transfer rate in the x direction [W] 𝑄!"##   Thermal energy added/subtracted [W] 
k  Thermal conductivity [W/mK] 
A   Surface area [m2] 
x  Thickness of the medium under consideration [m] 𝑑𝑇/𝑑𝑥  Temperature gradient over the thickness of a medium [W/m] 
L  Thickness [m] 
T   Temperature [K] 
Tx  Temperature at warmer end [K] 𝑇!!!  Temperature at colder end [K] 𝑇!   Interior temperature [K]  
R  Thermal resistance [m2K/W] 
Cp  Specific heat capacity of air [KJ/KgK] 
M  Mass of air in the box [Kg] 
Testimate  Interpolated value between two known thermocouple temperatures 𝑣  Volume of air [m3] 𝜌  Density of air [Kg/m3] 𝑃!"#$%&'( Pressure [Pa] 𝑅!"#$%&%$ Specific gas constant for dry air [J/KgK] 
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1. Introduction 
 
1.1. Background 
 
Urban ecology is the study of urban infrastructure and ecological systems. It puts 
the two together in order to view them, not as separate entities, but as a whole 
interactive system. It studies how ecological systems respond to anthropogenic 
systems, and how anthropogenic systems, including the built environment, are 
inextricably linked to the ecosystems surrounding them. Together, the city and the 
ecosystem are a function of the other, both interconnected and dynamic. A city is 
an ecosystem of its own, and the better we can understand the functioning of the 
socio-ecological system within it, the better we can design more resilient and 
sustainable urban areas (Pickett et al. 2001, Walker & Salt 2006, Niemelä 2011, 
Adler & Tanner 2013). 
 
A modern green roof, or a living roof, systematically joins a natural system with a 
constructed system. Green roofing is a radical technological approach to building 
design, and one that follows contemporary socio-ecological design theory 
expressed in urban ecology. It is the direct application of an engineered living 
ecosystem placed atop buildings, and strives to make urban areas more sustainable 
(Sutton 2015). They are both a contemporary idea, as well as one of antiquity. The 
first green roof dates back to the times of the hanging gardens of Babylon 
(Anonymous 2013), and have been used in various forms ever since.  
Conventionally, green roofs were used for their natural cooling abilities in the 
tropics, and in the northern regions, they had become a typical way to insulate 
buildings for centuries during the middle ages (Berndtsson 2010, Grancharov 
2013). However, over time, green roofing became a neglected practice as modern 
synthetic materials, capable of outperforming natural ones, were developed in 
their place, and it was not until green roofs also adopted modern materials that 
they made their way back into construction practice (Erlichman & Peck 2013, 
Sutton 2015).  
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Currently, contemporary green roofs are valued for their multifunctional abilities. 
They may be used to improve thermal comfort inside the building, meanwhile 
have the potential to provide a variety of others desirable services (Getter & Rowe 
2006). When engineered correctly, modern green roofs provide many ecological 
functions that improve human well-being and quality of life (Sutton 2015). In 
following the classification scheme set out by the Millennium Ecosystem 
Assessment (MEA 2005), green roofs may provide cultural services such as 
aesthetically pleasing appearances, outdoor activity use, and education. They may 
also provide regulating and supporting services such as stormwater management 
(e.g. Berndtsson 2010, Fioretti et. al. 2010), air quality improvement (e.g. Van 
Bohemen et. al. 2008, Yang et. al. 2008), carbon sequestration (e.g. Whittinghill 
et al. 2014), and enhanced biodiversity (e.g. Tonietto et al. 201l, Marinelli 2006). 
Furthermore, they have even shown to be a provisioning service for food in which 
vegetables and herbs are grown on rooftops (e.g. Whittinghill et al. 2013, Gelman 
2014). 
 
When applied on many buildings, vegetated roofs can mitigate the heat island 
effect by increasing the amount of solar radiation that is reflected back into the 
atmosphere (Santamouris 2012, Kolokotsa et al. 2013). A green roof’s reflectance 
also enhances the roof’s durability since harmful ultraviolet radiation is not 
reaching the sub-surface materials. Furthermore, the substrate of a green roof 
provides thermal mass and inertia that reduces temperature fluctuations felt by the 
structural components (D’Orazio et al. 2012). As a result, there is less degradation 
from solar and mechanical stress on the building materials (i.e. roofing 
membranes), and the roofing structure achieves greater durability. Studies 
approximate the lifespan of a green roof to be at least double the lifespan of a 
conventional roof (Getter & Rowe 2006, STEP 2007, Clark et al. 2008). 
 
The multifunctional benefits that accompany a green roof are not replicated in 
synthetic materials, and thus green roofing may be seen as superior building 
envelope design technology. The green roof structure is currently evolving from 
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case specific design to an engineered standard model compatible for mass 
application with purpose-based flexibility (Feng & Hewage 2014). 
 
There are generally two main types of green roofs, often called intensive and 
extensive. The former has a thicker substrate layer (> 100-200 mm) and supports 
larger vegetation such as shrubs and trees, and the latter is a lightweight system (< 
100-200 mm) supporting small vegetation (Berndtsson 2010, Berardi et al. 2014). 
Systems may also fall in-between these two classifications and are often termed 
semi-intensive (Raji et al. 2015). The benefits achieved from each system vary on 
a level of effectiveness but all systems are able to provide various ecosystem 
services simultaneously. Commonly the layers of a green roof, including the one 
in this study, is made up of a vegetation layer, a substrate or soil layer, a 
filter/water retaining layer, a drainage/root barrier layer, and a waterproofing 
membrane that all sit on top of a structural support, such as plywood. 
 
Green roofs used today have been renewed and refined from their older 
counterparts, with advanced materials helping improve their functioning, 
durability, and lightweight structure. As a result, green roof platforms are 
returning to the construction industry and are regarded as a valuable material for 
sustainable development (Zhao & Srebric 2012, Erlichman & Peck 2013). They 
are gaining in popularity for residential, institutional, and commercial buildings in 
Europe, North America, and Asia as desires and pressures to be more 
environmentally friendly progress (Liu 2002). 
 
Green roofs, in the context of this study, are used to improve building energy 
efficiency and combat extreme consumptive energy use patterns that exist within 
urban areas. It has been reported in many studies that cities of the 21st century 
consume massive amounts of energy for everyday operations. The built up 
environment, including the construction, use, and maintenance of buildings, 
consume around 40% of developed nations’ (USA, Europe) total energy budget 
(Ouldboukhitine et al. 2011, Saadatian et al. 2013, Berardi et al. 2014). 
Furthermore, it has also been shown that buildings account for 33% of all 
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greenhouse gas emissions (Levermore 2008, Wan et al. 2011). In residential 
buildings, the majority of the energy budget is directed to interior space heating 
and cooling, and in commercial buildings, interior temperature regulating systems 
along with lighting, dominate total energy use (EIA 2012, Sailor et al. 2012). As 
the world develops and individuals become wealthier, standards of living are also 
increasing, along with greater floor space per person, and extended use of thermal 
control systems (e.g. Haralambopoulos & Paparsenos 1998, EEA 2006). 
Therefore, energy consumption per capita can be expected to increase globally in 
the future. For this reason, radical and innovative efficiency technologies are 
increasingly sought after. However, the large numbers reported above not only 
describe the vast amounts of energy consumed by buildings, but also indicate that 
buildings may be the greatest unused assets within the city for conserving energy. 
Moreover, since urban roofs account for 20-25% of the total urban surface area, 
the greening of them may have a significant influence (Raji et al. 2015). 
 
It has been shown that green roofs are effective tools for reducing cooling energy 
demands in warm and sunny climates. In warm locations, thermal benefits are 
primarily found in a green roof’s natural passive cooling abilities achieved from 
evapotranspiration, solar shading, and increased thermal insulation; and it has 
been shown that green roofs can achieve significant energy savings compared 
with a conventional bare roof (e.g. Getter et al. 2011, Lin et al. 2013, Saadatian et 
al. 2013). However, the thermal effectiveness of a green roof is closely related to 
climate and in cold climates, where heat energy demands dominate, there is a lack 
of research and uncertainty about how beneficial a green roof may be. 
 
In cold climates, where heating is the major source of a building’s energy 
demands, the green roof is not designed for passive cooling, but should rather 
focus on being a good insulator, and include summer cooling as an inclusive but 
secondary concern. An insulating material works by slowing down the natural 
tendency for a thermodynamic system to move towards a state of increased 
entropy. During cold periods, the interior of the building is heated to energy levels 
greater than the thermal energy outside of the building, a state of lower entropy. 
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This creates a gradient through the roofing components in which energy is being 
transferred, from the interior to the exterior, in order to achieve a state of greater 
entropy. This heat transfer process occurs mainly through conduction of the roof 
materials. Depending on the material properties, the roof may permit or resist 
conductive heat transfer according to the materials’ thermal conductivity (k) 
values (Allen & Iano 2004). Materials that resist the movement are known as 
thermal insulators and those that permit it are called thermal conductors. The 
thermal performance of many common building materials and their ability to 
resist heat flows has been well studied, however, the green roof and its individual 
components are an exception (partly due to the disconnection between ecology 
and material sciences), and there is a general lack of literature on the topic. 
Therefore, understanding how well a green roof, and each of the layers, resists 
heat flows in cold climates is desirable. 
 
A study on the performance of green roofs in cold climates from Toronto, Canada, 
has shown that two green roofs were able to reduce heat flows through the roof by 
70-90% in the summer and 10-30% in the winter (Liu & Minor 2005). In Hong 
Kong, a study by Jim and Tsang (2011) suggested that during winter months, the 
intensive green roof draws energy from inside to outside causing an increase in 
heating demand; contradictory to other temperate latitude studies. Furthermore, a 
study by Sailor et al. (2012) has shown that in a few selective cases, green roofs 
have shown an increase in electrical energy consumption for heating, compared to 
a conventional roof.  
 
Another type of heat transfer that contributes to building heat loss is called 
convection. It is related to the dynamic motion of cold air passing over a warm 
surface and removing heat in the process. The study of this process in the presence 
of vegetation has been conducted in a couple of recent papers. From these studies 
it was recognised that roof and wall vegetation could considerably reduce negative 
heat loss through the building’s façade in the winter by blocking and slowing 
down the cold winds that passed over them (Feng & Hewage 2014). Another 
study conducted at Queen’s University, Canada, has shown that protecting a 
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building from wind chill with vegetation can reduce heating energy demands by 
25% (Dinsdale et al. 2006). 
 
The influence of snow on green and conventional roofs is also an area of scarce 
experimental support in the existing literature. A study from Pennsylvania State 
University, USA, described that snow cover, an effective insulator, scales down 
the insulation benefits that a green roof has over a conventional roof, reducing the 
heating energy savings from 22.9% down to only 5.2% (Zhao & Srebric 2012). 
And a study from Halifax, Canada, indicated that deeper snow results in lower 
heat flux variability, and agrees that the benefits of a green roof were lower under 
extreme winter conditions when there was snow cover (Lundholm et al. 2014). 
However, it has also been identified that with proper vegetation, a green roof can 
help capture and hold more snow on the surface, adding an additional layer of 
thermal insulation (Sutton 2015). 
 
Overall, the existing literature generally agrees that green roofs can be both 
beneficial in warm and cold climates for saving energy. It is acknowledged that 
there are differing and contradicting results on the performance of green roofs in 
cold climates and different performances are identified in different climates 
(Berardi et al. 2014). To my knowledge, there are no green roof thermal 
performance studies conducted in Finland thus far, and only a few in similar 
climates (i.e. Canada, Unites States) worldwide. Therefore, we still require a 
better understanding of the thermal performance of green roofs in all climates, in 
particular those of Nordic climates. A greater understanding of the performance of 
the roofs under maintained snow cover is required, and the thermal behaviour 
during freezing and thawing periods is in need of greater understanding. 
 
The purpose of this research is to study the thermal performance of heat transfer 
through green roofs under cold weather conditions where temperatures go below 
freezing and snow cover remains for an extended duration throughout the winter 
season. The location of this study is in southern Finland where winter is the 
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longest season and snow cover typically lasts for about 130-145 days per year 
(FMI 2015). 
 
 The main aim of this research was to determine to what degree green roofs and 
their components are an insulating cover to a building. The results of the 
experiment are indicative of how effective the green roof structure is at reducing 
heat flow from the inside to the outside, compared to a bare roof structure. In this 
study no other insulation is used on any of the roofs in order to only show the 
thermal behaviour of green roofs and thus the potential benefits. Insulation 
properties of generic synthetic materials are available in the literature and through 
the manufacturers product description; in this study they are used for the purpose 
of comparing its insulation capacity to that of the green roofs. Understanding how 
the green roof is behaving thermally during freezing and thawing periods is also 
examined. Ultimately, the experiment answers how much the insulated capacity of 
the green roof alone is able to reduce building energy demands. 
 
1.2. Hypotheses 
 
The hypotheses and predictions of this study are: 
• Due to the physical attributes of the green roof components 
involved, most being insulating materials under dry conditions, it is 
expected that the green roof will resists conductive heat transfer 
better than the bare roof, at all times during the winter, with 
varying effectiveness. 
• Since ice has a higher thermal conductivity than water (about four 
times), freezing temperatures will increase the thermal conductance 
of the green roof layers containing water.  
• During periods with freezing and thawing conditions, the upper 
layers of the green roof are expected to have an increased moisture 
content, and thus increased thermal conductivity. 
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• The interior temperature of the hotbox with the green roof is 
expected to be warmer than the interior temperature of the hotbox 
with the bare roof, throughout the winter season. 
• The layers are expected to act as insulating materials, reducing heat 
flux through the roof and thus the green roof is expected to be a 
significant source of energy savings compared to the bare roof. 
• Snow cover is expected to reduce the benefits achieved from the 
green roof. 
 
 
2. Material and methods 
 
2.1. Experimental setup and study area 
 
The experimental study was carried out at Jokimaa research station, located in 
southern Finland, approximately 5 km south from the city of Lahti. The green roof 
platforms on site were a combined study for stormwater management and thermal 
behaviour. Fig. 1A show the individual green and bare roof setups. They are 
simplified models with 1 m x 2 m platforms, adjusted to an angle of 7%, placed 
ca. 1.5 m above ground level.  
 
The lowest, or supporting layer, is 24 mm thick hardwood plywood. The Bare 
roofs (control roofs) consist only of the hardwood plywood support layer. For the 
green roofs, directly atop the plywood is an “Antico Rankka” moisture barrier 
sheet made up of a high density polyethylene (HDPE) frame network with a 
laminated polyethylene film. Above it is a 25 mm thick “Nophadrain” (ND) water 
retaining and drainage mat consisting of non-woven fabric of polypropylene (PP) 
bound on the top and bottom to the plastic drainage cups of HIPS. On top of the 
ND is a 10 mm thick “VT filt” water holding filter fabric. It is used to prevent the 
loss of soil particles and retain water. It consists of needle-felt from recycled 
textile fibres (60% synthetic, 40% organic). On top of these layers is the 50-60 
mm thick substrate layer made of crushed recycled brick (85%), bark chippings 
(5%), peat (5%), and compost (5%) (see Table 1 for particle size distribution). 
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Finally, the prefabricated (pre-grown) vegetation mats made by “Veg Tech” have 
a nominal thickness of ca. 30 mm and consist of non-woven fabric of PP, bound 
to three-dimensional reinforcement net of polyamide (PA). The reinforcement is 
filled with mineral substrate of sand, clay mineral, lava-cross and compost 
(organic content < 5%). In the mineral substrate there are drought resistant species 
of sedum, moss, and grass (SP 2008). 
 
Table 1. The percentages of different sized particles in terms of weight for the 
crushed brick mixture that was used as substrate below the prefabricated 
vegetation mats. 
Particle Size (mm) < 0.25 0.25-2.0 2-4 > 4 
Percentage (%) 14 49 21 16 
 
A closed and insulated box, replicating a simple housing structure, was placed 
below each of the roofing structures. The box has 5 walls made of a common 
Finnish housing insulation material called Finnfoam 300/50; an extruded 
polystyrene (XPS), and the 6th side is the base of the roofing structure, the 
hardwood plywood support layer. The insulation has a low k-value of 0.035 
W/mK, and the insulation panels are sealed to the roof and to each other with 
spray foam insulation with a similar k-value. The volume of air inside the box was 
0.30 m3. There were three replicates of each treatment: the prefabricated green 
roofs and the bare roofs. 
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A. Roof platforms with hotbox 
 
 
 
B. Schematic Diagram 
 
Figure 1. A) Model green roof: second from the left, and model bare roof: fourth 
from the left, both with an insulated box underneath. B) Schematic diagram of the 
green and bare roof setup; where Qsource is the energy input source (a 25W 
incandescent lightbulb). Both the green and bare roofs have three replicates. 
 
2.2. Data collection 
 
Thermocouples with moisture sensors were placed on the vegetation surfaces, 
within the substrates, on the supporting structures (plywood), and inside the 
insulated boxes (Fig. 1). During winter, the boxes contained a heat source for 
inside-to-outside heat transfer measurements. The heat source was a 25-watt 
incandescent light bulb running 24 hours a day. The temperature and moisture 
sensors (Decagon devices) recorded data at 20-min time intervals. Data loggers 
13 
 
(Decagon devices Em50) were used to collect the data. The on-site Vaisala 
WXT520 Micro Weather Station provided data on ambient air temperature and 
precipitation, and recorded data at 10-min intervals. Data included in this research 
spanned from the beginning of October 2013 to the end of March 2014. 
 
Temperature data for each thermocouple were averaged between the three 
replicated systems and used to get an average temperature gradient for the green 
and bare roofs at 20-min intervals. The ambient air temperature data were reduced 
to 20-min intervals occurring at the same time the thermocouples recorded the 
data. In total, each individual instance (20 min interval) created the basis for the 
analytic approach of a steady state analysis. 
 
Snowfall and snow depth information were obtained from the Finnish 
Meteorological Institute (FMI), and the layer temperatures data were obtained 
from the roof thermocouples. When the temperature of the thermocouple 
decreased below zero degree, it was assumed that the layer itself was being 
penetrated by frost equal to the depth of the thermocouple, and when temperatures 
decreased further, it was assumed that frost was penetrating further downward 
into the green roof. Since the VT-filt and ND layer did not have thermocouples 
within them, temperatures from the base layer (plywood) were used to indicate 
that these bottom layers had frozen. 
 
2.3. Theoretical analyses 
 
Analyses of the data are based on the following theories. 
2.3.1 Thermal conductivity 
 
During winter, there is a temperature gradient through the roofing components 
due to the temperature difference between the warm inside air and the cold outside 
air. The majority of the heat transferred from the interior outward in a green roof, 
is through conduction (Allen & Iano 2004). Conduction is the movement of 
energy as more excited particles collide with, and transfer energy to, less excited 
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particles (Moran & Shapiro 2004). This is why conductive heat transfer always 
proceeds in the direction from a hot surface to a cold one. Heat transfer is a time 
rate value and when considering conductive heat transfer it is related to heat flux 
(𝑄) in order to express it as a heat transfer rate per unit of system surface area. In 
this study, thermal conductivity is used to predict the rate of energy loss through a 
material or through the green roof. 
 
The rate of heat conduction through a material is proportional to the surface area 
and the temperature gradient but inversely proportional to the thickness, as seen in 
the relationship below. 
 𝑟𝑎𝑡𝑒 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 ∝ (𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎)(𝑡𝑒𝑚𝑝.𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒)𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠  
 
This is quantified by Fourier’s law and described below as: 
 𝑄! = −𝑘𝐴 𝑑𝑇𝑑𝑥                                                                                                                      (1) 
 
Where; 𝑄! = Conductive heat transfer rate in the x direction [W] 
k = Thermal conductivity [W/mK] 
A = Surface area over which the heat transfer is occurring [m2] 
T = Temperature [K] 
x = Thickness of the medium under consideration [m] 
 
Thus; 
dT/dx [W/m] is the temperature gradient over the thickness of the medium. 
 
The negative sign is used to indicate that heat transfer is occurring in the direction 
of decreasing temperature (Moran & Shapiro 2004). 
 
From equation 1, it follows that thermal conductivity is expressed as: 
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 𝑘 = 𝑄! ∗ 𝐿𝐴 ∗ 𝑇! − 𝑇!                                                                                                              (2) 
                
Where; 
L = Thickness [m] 
T1 = Temperature at the hot end [K] 
T2 = Temperature at the cold end [K] 
 
Fourier’s Law shows that the conductive heat transfer rate is specific for each 
material because of its corresponding thermal conductivity value (k). In the case 
of the green roof placed on top of the bare roof, both the materials have changed 
and so too did the thickness of the roof. Meanwhile the surface area and ambient 
air temperature remained constant. Since the thermal conductivity value is directly 
proportional to the rate of heat transfer, it is known that any material added to the 
roof, which has a thermal conductivity value < 1, would effectively reduce the 
transfer of heat from inside to outside. 
 
For all materials and substances, thermal conductivity is dependent on its 
temperature. For example, the thermal conductivity of liquid water increases 
along with increasing temperatures (Ramires et al. 1994). However, the 
temperature change of solid, non-metals such as wood, felt, and soils, under 
normal atmospheric temperatures, is relatively small and affects the thermal 
conductivity values on a very small scale (Moran & Shapiro 2004, Benichou & 
Sultan 1999). Therefore, the small change in the conductivity with temperature is 
not considered in this analysis and flux calculations use thermal conductivity 
values that are only dependant on the properties represented in equation (2). 
 
Thermal resistance is a measure of the resistance to conductive heat flow. Just as 
an electrical resistor will resist the flow of current, a thermal resistor will resist the 
flow of heat energy (Brahami 2009). Resistance is proportional to thickness and 
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inversely proportional to thermal conductivity and surface area. Thermal 
resistance is represented by the equation: 
 𝑅 = 𝐿𝑘𝐴                                                                                                                                 (3) 
 
Thermal resistance allows for the evaluation of a system as an analogy to 
electrical resistance, and make it easier to look at a layered system such as a green 
roof. The layers of the green roof are considered as resistances in series, and the 
insulation walls of the hotbox are in parallel to the roof system. Fig. 2 shows a 
schematic representation of the green roof layers acting as resistances in series to 
the source, and the hotbox insulation acting in parallel to the source. 
 
 
Figure 2. Electrical circuit and resistance analogy for heat flow through the green 
roof. R1: plywood, R2: VT-filt & ND, R3: soil, R4: vegetation mat, R5: hotbox 
wall insulation. 
 
This analogy was used for heat flow through the green roof in a steady state 
condition in which the temperature through the wall varies linearly. In a steady 
state, the rules of electrical circuit analysis apply to the green roof system analysis 
(Brahami 2009). 
 
2.3.2. Steady state method 
 
Steady state analysis is used to look at the roofs when temperatures are assumed 
to be constant, i.e. not a function of time; and the system is assumed to have a 
constant rate of conductive heat transfer. Also, it is assumed that heat transfer is 
the only energy interaction within the system. Therefore, heat flux throughout the 
system is a fixed in time value and the energy balance is expressed as: 
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 𝑄!"#$%& =  𝑄!"## !!!"#$! !"#$%&'() !"##$ + 𝑄!"## !!!"#$! !""#  = 25𝑊 0.90         (4) 
 
The source of heat was the 25W incandescent light bulb with an assumed 90% 
inefficiency (Fischetti 2008). Therefore 10% of the wattage was used up to 
generate visible light and the rest was generating heat. Other sources of heat loss 
in the system were assumed negligible. Equation 4 is represented in the energy 
balance diagram, Fig. 3 below. 
 
Furthermore, it is accepted that heat flux through the whole roof system is equal 
to heat flux through each of the layers individually since they are all in series. 
This is represented as: 
 𝑄!""# = 𝑄!"#$% ! = 𝑄!"#$% ! = 𝑄!"#$% !                                                                       (5) 
 
In this state it is assumed that no heat is being generated and it is thus applicable 
to use the concept of thermal resistance for thermal conduction calculations. The 
thermal resistance practice is useful for looking at heat flux through various 
materials at the same time and is represented by: 
 𝑄 = ∆𝑇𝑅                                                                                                                                 6  
 
Where, ∆𝑇 is the temperature difference between the top and bottom surfaces of 
the layer, or in the case of the whole green roof, between the interior and surface 
of the green roof.  
 
2.3.3. Energy and Mass Balance 
 
The mass and heat transfer process through a green roof is much different from 
that of a conventional roof. In addition to evaporation and runoff, there is 
evapotranspiration from the vegetation and soil surface, water retention and 
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detention within the layers, and the movement of air, water, and water vapour. In 
a green roof the moisture content of the layers is always changing. In both 
systems energy is interacting with water and air, creating dynamic systems of 
energy transfer. Energy is absorbed by water molecules warming it up, or released 
from the water, cooling it down causing overall changes in temperature (sensible 
heat). Energy is also consumed or released during a phase change process of water 
without any change in temperature (latent heat). In this analysis, sensible heat is 
the only indicator of energy transfer through the roof, and latent heat, while 
present and influential towards temperature change, is not considered in the 
energy balance model.  
 
Within the green roof structure the moisture transport process is accompanied 
with evaporation-condensation-freezing-thawing processes and affects the energy 
transfer through the green roof components (Ouldboukhitine et al. 2011). The 
results of all the mass and energy transfer processes give a temperature gradient at 
every point within the green roof. This temperature gradient provides evidence of 
the conductive properties of the materials, and can be indicative of the 
conductivity of the separate green roof layers.  
 
2.3.4. Thermal conductivity of individual layers  
 
In this study temperature as a result of energy transfer is the main focus, and the 
thermocouples give all the information about the heat transfer process. In the 
vegetation and soil layers thermocouples were placed on the surface and in the 
middle of the layer, respectively. For the VT-filt and ND layers there was one 
thermocouple on the bottom of the ND layer and the next one was in the middle of 
the soil layer (Fig. 1B). Therefore in order to use equation (2), temperatures at the 
interface of the vegetation and soil, as well as temperatures at the interface of the 
VT-filt and soil layers, had to be determined. This was done by assuming a 
temperature and thermal conductivity of the layer, and through trial and error, 
converging on an approximate value. When done at many separate instances, a 
common range of thermal conductivities was achieved for a material. Similar 
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environmental conditions (ambient air temperature, frost depth penetration, 
moisture content, etc.) were used for separate trials. At different environmental 
conditions the materials thermal conductivity was estimated to understand what 
ranges of conductivities exist under those specific circumstances. Estimated 
values obtained through this process were also validated with values obtained 
from literature. Furthermore, within the soil layer, estimations were verified 
alongside the theory determined by Sailor (2008), which indicated that thermal 
conductivity varied linearly with moisture saturation levels, and that saturated 
soils commonly had twice the thermal conductivity of their dry counterparts.  
 
Estimates of the thermal conductivities for each layer were calculated with the 
following formula: 
 𝐾!"#$% ! = 𝑄!""# ∗ 𝐿!"#$% !𝐴 ∗ (𝑇!"#$" − 𝑇!"#$%&#!)                                                                             (7) 
 
Where; 
Testimate = Interpolated value between two known thermocouple temperatures. 
 
In this method any unknown temperatures and unknown thermal conductivities 
were obtained at the same time through converging repetition. A visual 
representation of the layers and their corresponding known and unknown 
temperature is shown in Fig. 1B. Ideally, thermocouples placed at the interface of 
each individual layer would have provided the most accurate information, but due 
to a limited number of sensors available, temperature measurements were only 
made at location indicated in Fig. 1B, and consequently, the unknown 
temperatures had to be estimated. 
 
Prior to using equation (7), initial layer thermal conductivities were estimated 
through area-weighted averages of the materials in a dry state. The final values 
obtained from converging on a range of layer thermal conductivities with equation 
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(7), were also cross-referenced with values from the existing literature to check 
validity. See the appendix for sample calculations of layer thermal conductivity.  
 
2.3.5. Interior temperature and heat flux verification 
 
Inside the box of the bare and green roofs, at any given instant, there is energy in 
the form of heat. The energy difference between the bare and green roofs indicates 
how well the green roof is resisting heat loss compared to the bare roof. The 
amount of energy required to get the bare roof interior temperature equal to that of 
the green roof is equal to the amount of energy loss resisted by the green roof. 
Since the green roof is the only difference in the system, it is assumed that the 
energy difference between the bare and green hotboxes is a result of the green 
roof’s thermal resistance; and the energy needed to equalize the difference is the 
flux difference between the bare and green roofs. The energy difference between 
the two boxes is determined from the volume of air within the box, the specific 
heat capacity of air, and the temperature difference between the boxes. The energy 
needed to raise the temperature of the bare roof box equal to the green roof box is 
represented as: 
 𝑄!"## = 𝐶𝑝𝑀 𝑇!,!"##$ !""# !!"#!$ −  𝑇!,!"#$ !""# !!"#!$                                           (8) 
 
Where; 
Qdiff = Thermal energy added/subtracted 
Cp = Specific heat capacity of air 
M = Mass of air in the box 𝑇! = Interior temperature  
 
To check the heat flux values through the roof, the results of equation (8) over 
long periods of time can be compared with the results from equation (1). The heat 
flux through the green roof and the thermal energy needed to be added to equalize 
the internal temperatures of the boxes should have the same relationship over all 
periods of time. If so, the heat flux through the green roof is correct and the 
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estimated values of the thermal conductivities are also correct. Together they 
satisfy the energy balance relationship between inside temperature and heat 
transfer through the system. This relationship is expressed as: 
 𝑑 𝑣𝜌𝐶𝑝𝑇𝑑𝑡 = 𝑄!"#$%& − 𝑘𝐴∆𝑇𝐿 !""# − 𝑘𝐴∆𝑇𝐿 !"##$                                              (9) 
 
Through this method of comparing the experimental to the theoretical, the results 
are checked and verified. Equation 9 is represented visually in Fig. 3. 
 
Figure 3. Bare and green roof heat flux and energy balance diagrams. T values 
represent thermocouple location, and Q values represent energy flows. Qsource is the 
input energy source from the lightbulb, Q1 is the first output flow of energy 
through the walls of the insulated box, and Q2 is the second output flow of energy 
throught the roofs. This figure is represented by equation 4 above. See the 
Appendix for sample calculations.  
 
 
2.4. Data Analysis 
 
2.4.1. Bare roof heat flux method 
 
To find the thermal conductivity of the bare roof plywood, the equations below 
are used. Here it is assumed that the system is in steady state, and that the green 
roof layers are anologus with circuit resistances in parallel, as described in the 
theoretical analysis. The equations according to Fig. 3 are the following:  
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𝑄𝑠𝑜𝑢𝑟𝑐𝑒 = 𝑄1+ 𝑄2 = 𝑇! − 𝑇!𝑅!"#$%%& + 𝑇! − 𝑇!"#𝑅!"#$%&'!(" 𝑅!"#$%%& = 𝑇! − 𝑇!𝑄 − ( 𝑇! − 𝑇!"#𝑅!"#$%&'!(") 𝐾!"#$%%& = 𝐿!"#$%%&𝑅!"#$%%& ∗ 𝐴!"#$%%& 
 
From this process, and through repetition at many other instances of assumed 
thermodynamic stabiliy, an estimate of the thermal conductivity of the plywood is 
obtained (0.09 ± 0.01 Wm-1K-1). 
 
Next, the heat flux through the bare roof (plywood) surface was calculated at all 
times throughout the winter season. Assuming the thermal conductivity of the 
plywood is constant, temperature data at T1 and T2 was sufficient for the heat flux 
calculations using the following formula: 
 𝑄! = 𝐾!!"#$$%𝐴!"#$%%&(𝑇! − 𝑇!)𝐿!"#$%%&  
 
The resuts of the heat flux through the bare roof is shown in the results section 
(Fig. 5). 
 
2.4.2. Green roof heat flux method 
 
In steady state, the energy budget for the system, according to Fig. 3, is: 
 𝑄1 =  𝑄𝑠𝑜𝑢𝑟𝑐𝑒 − 𝑄2 and; 𝑄1 = 𝐾!"#$%&'!("𝐴!"#$%&'!("(𝑇! − 𝑇!"#$%&#!)𝐿!"#$%&'!("   
Here, Testimate is an interpolated temperature value between Tair and T1, adjusted to 
suit the internal energy situation inside the hotbox. The thermal conductivity of 
the whole green roof, as a single entity, is calculated from: 
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 𝐾!"##$ !""# = 𝑄2 ∗ 𝐿!"##$ !""#𝐴!"##$ !""# ∗ (𝑇! − 𝑇!) 
 
To calculate the thermal conductivities of each layer, a temperature gradient 
within the layer is required, along with the two temperatures at the top and bottom 
surface of the layer. Therefore T2x and T3x need to be determined. First T3x, the 
unknown temperature at the interface of the soil and vegetation layer is 
represented by the  following two equations: 
 𝑇3! = 𝑇! + !!∗!!"#"$%$&'(!∗ !!"#  and; 𝑇3! = 𝑇! − 𝑄2 ∗ 𝐿!"#$𝐴 ∗ 𝐾!"#$  
 
Therefore there are 2 equations and 3 unknowns and thus an infinite number of 
possible solutions. Using estimates from the literature on common materials, or 
approximations based on area weighted K averages based on material 
composition,  an approximate value for Kveg and Ksoil is achieved through 
repetition and by converging on a most common value achieved at many 
instances. This process is done for all the various depths of frost penetration and 
an average is obtained with a range of other possible values (see results section, 
Table 3). 
 
Next, tempratures at the interface of the soil and VT-filt/ND layer is obtained 
from: 
 𝑇2! = 𝑇! + 𝑄2 ∗ 𝐿!"#$𝐴 ∗ 𝐾!"#$  
 
And finally, the thermal condictivity for the VT-filt and ND as a single layer is 
equal to: 
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𝐾!"!!"#$/!" = 𝑄2 ∗ 𝐿!"!!"#$/!"𝐴!"!!"#$/!" ∗ (𝑇! − 𝑇!!) 
 
This process was done for all instances at 20 min intervals and then the thermal 
conductivities were taken from the data and fit into the proper frost depth scenario 
which they represent. For sample calculations, see the Appendix. 
2.4.3. Heat flux check 
 
To check my calculated results, I used information provided from the primary 
experimental data. I checked the calculated heat loss through the roof with internal 
temperatures within the hotbox. The difference in heat flux between the bare and 
green roofs should be equal to the internal energy difference between the bare and 
green roofs. Therefore, the amount of energy required to raise the internal hotbox 
temperature of the bare roof so that it is equal with the green roof, will be directly 
related to the differnce between the two roof types’ heat losses. 
 
The energy balance equation used to make this check is: 
 𝛿 𝐶!𝑚𝑇𝛿𝑇 = 𝑈!"#!! = 𝑄!"#$%& − 𝑘𝐴∆𝑇𝐿 !""# − 𝑘𝐴∆𝑇𝐿 !"##$ 
 𝑈!"#!! = 𝐶! ∗ 𝑉!!"#!$ ∗ 𝜌!"# ∗ Δ𝑇 = 𝑄!"#$%& − 𝑄! − 𝑄! where; 𝜌!"# = 𝑃!"#$%&'(𝑅!"#$%&!"𝑇!"#$ !""# !!"#!$ 
 
The energy required to raise the temperature of the bare roof box to the 
temperature of the green roof box is calculated at various points in time during the 
entire winter season, and the heat flux difference is then calculated at the same 
points in time with the equation below: 
 𝑄!"##$%$&'$ = 𝑄2!"#$#%%& − 𝑄2!"##$"%%&  
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Dynamically, changes in energy required to raise the bare roof hotbox temperature 
to that of the green roof hotbox temperature over time (ΔU) will then equal 
changes in the difference between heat flux values through the bare and green 
roofs during the same time frame (ΔQ). This relationship is given by 
 𝑑𝑈𝑑𝑡 = dQ𝑑𝑡 =  𝐶!𝑉𝜌 𝑑𝑇𝑑𝑡 =  𝑘𝐴∆𝑇𝐿 !!"# !""# − 𝑘𝐴∆𝑇𝐿 !"##$ !""#𝑑𝑡 = 0 
 
 
The relationship between the two, Ureq’d and Qdifference were then plotted, and when 
the two plots followed the same pattern, the heat flux calculations, and thermal 
conductivities were assumed accurate. 
 
2.5. Invariant Thermal properties 
 
Table 2 shows the thermal conductivity and resistance of the insulating material 
used for the hotboxes and the hardwood plywood used as the base support of the 
bare and green roofs. Both the plywood layer and the insulating walls have 
assumed constant properties. The thermal conductivities of these types of 
materials remain relatively constant with changing humidity and temperatures, 
including sub-zero temperatures (Benichou & Sultan 1999, Valovirta & Vinha 
2004); and thus keep these properties throughout the experiment.  
 
Table 2. Thermal resistance (R) and thermal conductivity (K) of materials used 
for both the green and bare roofs. Plywood K and R uncertainty = 10%. 
 
 
 
Thermal Resistance 
(m2K/W) 
Thermal Conductivity 
(W/mK) 
 
Plywood (24 mm) 
 
0.27 
 
0.09 
 
Box insulation (50 mm) 
 
 
1.45 
 
0.035 
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3. Results 
 
3.1. Thermal resistance, conductivities, and thickness 
 
Thermal conductivities and resistances of the green roofs under different frost 
conditions are expressed in Table 3. Since green roofs are made up of different 
materials, the thermal conductivities and resistances expressed are equivalent 
values. They are termed equivalent because all the layers are regarded as one 
continuous entity known as the green roof, and the overall heat transfer is 
expressed as one value, despite the uneven heat transfer occurring across each 
layer. This was done in order to give the green roofs a single value that could be 
compared with other conventional roofing materials. 
 
As expected from my first hypothesis, the thermal resistance values show that the 
green roof system is a relatively good insulator, compared to the bare roof, with 
varying effectiveness depending on frost conditions (Table 3). Under all frost 
depth scenarios, the green roof had a higher thermal resistance than the bare roof. 
Frost had first penetrated into the vegetation mat on 25.11.2013 and continued 
into a cycle of freezing and thawing until 19.12.2013. During this time, only the 
vegetation layer reached freezing temperatures, and the varying thermal 
conductivities were measured for the scenario of frost penetration to the 
vegetation layer only (Table 3). In January 2014, frost penetrated through the 
vegetation mat and into the layers below, and on 14.01.2014 the soil layer began 
to freeze. During this time, as well as during 26.01-02.02.2014, thermal 
conductivities could be measured for the second scenario of frost penetration: 
penetration to the vegetation and soil layers only (Table 3). On 16.01.2014 frost 
had penetrated through all layers of the green roof and remained frozen until 
26.01.2014. During this period, conductivities were measures for the frost 
penetration to all layers scenario (Table 3). In October and November 2013 
before any frost had infiltrated into the green roof, the thermal conductivities were 
also measured in order to see how they changed upon freezing. Finally, the 
conductivities were measured after the green roof layers had thawed, and snow 
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still remained on the roofs during 09.02-18.02.2014 and again during subsequent 
periods at the end of February.  
 
Since the thermal resistance and conductivities of the layers were changing 
constantly with changing temperatures and moisture conditions, a range of values 
were obtained for each of the scenarios. This demonstrates the level of variance 
and possible max/min values that can be reached during different frost depth 
scenarios. The average value is taken from all the values recorded while the frost 
penetration scenario was being satisfied. 
 
Table 3. Equivalent thermal resistance (R) and conductivity (K) of the green roof. 
The table is arranged in descending order of frost conditions that promote best to 
worst roof insulation. Average values during the winter are shown in bold, and the 
range of values is shown in parenthesis. (Average of n values per scenario; A), n = 
47; B), n = 18; C), n = 9; D), n = 9; E), n = 13). 
 
Scenario 
Green roof thermal 
resistance 
 (m2KW-1) 
Green roof thermal 
conductivity 
 (Wm-1K-1) 
 
A) Frost penetration to all layers 
 
3.96 (2.95-5.81) 
 
0.08 (0.05-0.10) 
 
B) Frost penetration into veg. mat & soil 
 
3.74 (2.67-5.68) 
 
0.09 (0.06-0.11) 
 
C) Frost penetration into veg. mat 
 
2.79 (2.40-3.19) 
 
0.11 (0.10-0.13) 
 
D) No frost penetration (Prior to snow cover) 
 
2.01 (1.65-2.48) 
 
0.15 (0.12-0.18) 
 
E) No frost penetration (During snow cover) 
 
1.83 (1.51-2.04) 
 
0.16 (0.14-0.20) 
 
The scenario with the greatest insulation occurred when all of the green roof 
layers were penetrated by frost. Average thermal conductivities and resistances of 
0.08 Wm-1K-1 and 3.96 m2KW-1 respectively, were achieved. The bare roof 
maintains a constant thermal conductivity and resistance of 0.09 Wm-1K-1 and 0.29 
m2KW-1 respectively, throughout the experiment (Table 2). Therefore, during the 
frost depth scenario of full penetration, the thermal conductivity and resistance of 
the whole green roof indicate that the green roof is a better insulator than the bare 
roof during these periods. As the frost depth scenario changes and frost is not 
fully penetrating the green roof, the thermal conductivity of the green roof 
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exceeds the conductivity of the bare roof while the thermal resistance of the green 
roof is continually greater than the bare roof. This is due to the difference in 
thickness of the two roofs.  
 
The thermal resistance and conductivity values further indicated that the green 
roof, as an equivalent insulating body, had a positive correlation between 
decreasing ambient air temperature and resistance to heat flow; meaning that the 
green roof was a better insulator in colder temperatures, and acted best in 
temperatures that cause complete freezing of all the layers. Before snowfall and 
freezing temperatures occurred, the green roof had an average K-value of 0.15 
Wm-1K-1, making this scenario the period with the second greatest thermal 
conductivity. The period with the greatest thermal conductivities occurred after 
snowfall when the green roof was going through thawing and freezing cycles. At 
this time the K-value increased to 0.16 Wm-1K-1. 
 
Comparing green roofs with the insulation material used for the walls of the 
hotbox, the green roof benefits are attributed only to the thickness of the green 
roof. The insulation had a thermal conductivity and resistance of 0.035 Wm-1K-1 
and 1.45 m2KW-1 respectively (Finnfoam Oy 2015), indicating a much lower 
thermal conductivity and resistance than the green roof. Therefore, it may be said 
that during most of the winter season, a layer of insulation equal to the thickness 
of the green roof would be a better insulator than the green roof, but a bare roof 
equal in thickness to the green roof will not be beneficial during frozen periods. 
Therefore, synthetic insulation performs the best, but if this green roof were 
applied, it would be most beneficial in very cold climates, and more beneficial 
than a bare roof.  
 
The above results correspond to analyses of the green roof’s overall performance 
as a single entity. Table 4 shows the thermal conductivity values of each layer 
under different frost conditions. The roof’s equivalent thermal conductivity values 
in Table 3 were calculated separately from the values here in Table 4, and can be 
assumed as good estimates since the two tables’ results are in agreement. This can 
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be seen in Table 4, when frost had penetrated all the layers, and the thermal 
conductivity for each individual layer has reached the lowest values; agreeing 
with the frost condition in Table 3 that yielded the lowest thermal conductivity 
when all layers are frozen. The two tables are in accordance with each other at 
every level of frost penetration.  
 
Contrary to my second hypothesis, results presented in both Tables 3 and 4 show 
that despite ice having a higher thermal conductivity, the frozen green roof and 
each of its layers, had a lower thermal conductivity once they froze. The separate 
frost depth scenarios in Table 4 were calculated during the same time periods as in 
Table 3. The temperature gradient through the individual layers was estimated 
since thermocouples were not placed at the intersections of every layer. These 
estimations were developed with a converging mathematical model that estimated 
thermal conductivities of the layers (sample calculations are provided in the 
Appendix). 
 
Table 4. Thermal conductivity (K [Wm-1K-1]) of the green roof layers at different 
depths of frost penetration. Average values during the winter are shown in bold, 
and the range of values is shown in parenthesis. (VT-filt = VegTech filt, ND = 
Nophadrain drainage. Average of n values per scenario; A), n = 47; B), n = 18; C), 
n = 9; D), n = 9; E), n = 13). 
 
Scenario 
 
Vegetation Layer 
 
 
Soil Layer 
 
 
VT-filt & ND 
Layer 
 
A) Frost penetration to all layers 
 
0.09 (0.05-0.13) 
 
0.12 (0.06-0.16) 
 
0.06 (0.04-0.07) 
 
B) Frost penetration into veg. mat & soil  
 
0.09 (0.05-0.15) 
 
0.12 (0.06-0.18) 
 
0.10 (0.07-0.12) 
 
C) Frost penetration into veg. mat 
 
0.17 (0.10-0.23) 
 
0.20 (0.12-0.27) 
 
0.10 (0.06-0.14) 
 
D) No frost penetration (Prior to snow cover) 
 
0.25 (0.17-0.33) 
 
0.30 (0.20-0.40) 
 
0.11 (0.10-0.13) 
 
E) No frost penetration (During Snow cover) 
 
0.43 (0.38-0.56) 
 
0.51 (0.45-0.67) 
 
0.09 (0.06-0.11) 
 
30 
 
From this analysis it is evident that the VT-filt and ND layer was the layer that 
resisted heat flow the most, and its conductivity remained fairly consistent 
throughout the winter season at ca. 0.10 Wm-1K-1. In all frost cases, the soil 
maintained the highest thermal conductivity of all the layers, with the vegetation 
mat having predominately the second highest values, slightly below those of the 
soil. All of the layers showed a reduction in conductivity when they froze (Table 
4). 
 
The soil and vegetation layers both acted differently prior to snowfall and while 
snow cover remained on the roof surface. After snowfall when the roof layers had 
thawed, the snow on the surface created a new scenario for thermal conductivity 
values because the conductivity values during this period were so different from 
all other times. As expected in my third hypothesis, conductivities did increase for 
the upper layers during the freezing-thawing periods, but the reason was not only 
due to increased moisture content from snowmelt (see Discussion). In case D & E 
in Table 4, the green roof layers were all above zero degrees, and yet the K-values 
in case E are almost double of that in case D. The only difference between these 
cases is that in case E there is snow cover that remains on the green roof. The 
snow cover created a distinctly separate surface interaction and altered the energy 
balance of the roof system enough to greatly vary the thermal conductivities of the 
layers immediately below the surface (Table 4). 
 
There is generally a common pattern for each of the layers and the way their 
thermal conductivities change with changing temperatures. As temperatures 
decreased, thermal conductivity of each individual layer also decreased, and while 
the VT-filt and ND layer showed relatively little change, the scale of change 
within the soil and the vegetation were similar to each other. This general trend 
was also expressed in the equivalent thermal conductivities of the whole green 
roof (Table 3). Each of the layers, in each scenario, had a higher thermal 
conductivity than the box insulation. Altogether, the VT-filt and ND had a similar 
thermal conductivity as the bare roof, the soil had a consistently higher thermal 
31 
 
conductivity than the bare roof, and the soil had a higher thermal conductivity, 
except when frozen. 
 
3.2. Interior Temperature 
 
As expected from my fourth hypothesis, the green roof interior temperature 
remained above that of the bare roof throughout the winter season. The interior 
box temperature data along with the calculated thermal conductivity values, 
demonstrated that the thermal resistance of the green roof is better than the bare 
roof. Fig. 4 shows the layer temperature of the green and bare roofs during the 
coldest freezing period of the winter season (mid-late January 2014), as well as a 
warmer period (early January 2014). It can be seen from this that the box 
temperatures for the green roofs were consistently warmer than the box of the bare 
roofs.  
 
On average when the ambient air temperatures were above zero degrees, the green 
roof hotbox was ca. 8 oC warmer than the bare roof hotbox. When frost had 
penetrated to all layers of the green roof, the green roof hotbox was on average ca. 
5 oC warmer than the bare roof hotbox. Although this may lead to the belief that 
the green roof insulates better during above zero degree temperatures, Fig. 4 
details the reality of what is occurring prior to, and during freezing. 
 
The difference between the box interior and the surface of the roof is shown for 
both green and bare roofs in Fig. 4. This shows how well the roofs are resisting 
heat flow, because the further the interior box and surface temperatures get from 
each other, the more the system is resisting the thermal tendency to reach a state 
of maximum entropy, or equilibrium. 
 
It is important to note that when the soil froze on 14.01.2014, the green roof 
experienced a sudden increase in difference between hotbox and surface 
temperatures (Fig. 4A), and remained at greater difference during the frozen 
period. The bare roof, on the other hand, is seen to experience no change or even a 
slight decrease in temperature differential as the temperatures decreased into 
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negative values (Fig. 4B). The thermal resistance of the bare roof (plywood), as 
expected, did not change upon freezing, but the thermal resistance of the green 
roof did change, and the green roof system resisted heat transfer even more during 
soil freezing conditions. 
 
A. Green roof 
 
 
B. Bare roof 
 
 
Figure 4. Green roof A) and bare roof B) layer average temperatures and 
temperature difference between the hotbox and the surface during the January 
2014 freezing period.  
 
3.3. Heat flux in freezing conditions 
 
In order to understand the thermal behaviour more in depth, the temperature 
gradient through the layers is used to get heat flux values through the roofs. Fig. 5 
shows the heat flux during the January-February 2014 freezing period. At first, 
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when the ambient air temperatures decreased into negative values, there was a 
corresponding decrease in heat flux for the green roof; this is seen from the initial 
decline in heat flux that occurs on 10.01.2014 (Fig. 5). This happened at the same 
time that the vegetation and soil layers began to freeze (Fig. 4A). 
 
During the continuous decrease in ambient air temperatures, there is an 
unexpected increase in the heat flux for the green roof on 16-17.01.2014. This 
phenomenon is contradictory to what the layer thermal conductivity values in 
Table 4 alone would suggest. However, this happened shortly after some snow 
had begun to accumulate on the green roof surface on 14.01.2014.  
 
Furthermore, it can also be seen that there is a dip in the heat flux during the 
freezing period for the bare roof. The bare roof heat flux began to decline the 
same time that snowfall began accumulating on its surface (11.01.2014), and 
increased again when snow on the plywood surface began to melt (02.02.2014). It 
is obvious from Fig. 5 that the bare roof flux generally followed the same pattern 
as the air temperature, while the green roof flux had a more complex relationship. 
For both the green and bare roofs, the heat flux values were measured through the 
entire roof, from inside the hotbox to the surface of the structure, underneath the 
snow. 
 
Figure 5. Daily average heat flux through the bare and green roofs during the 
January-February 2014 freezing period (mean ± standard deviation, n = 71). 
Average values of the three replicates were used to construct this figure. 
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3.4 Results during the full winter period 
 
During the winter season, the green roof performed consistently better than the 
bare roof, allowing less heat flux through the roofing system at all times. Fig. 6 
shows the heat flux of the bare roof and green roof for the entire winter period, 
which were statistically significantly different (paired t-test: p < 0.001). 
Furthermore, the heat flux values were always positive, indicating inside-to-
outside heat transfer, throughout the winter season. 
 
 
 
Figure 6. Bare and green roof daily average heat flux during the winter of 
2013/14 (mean ± standard deviation, n = 71). Average values of the three 
replicates were used to construct this figure. 
 
The largest difference between the bare and green roof heat fluxes occurred when 
ambient air temperatures were fluctuating quickly and oscillating above and 
below zero oC. This occurred at the end of November and the start of December 
2013 when the green and bare roof heat flux patterns showed greater fluctuations 
(Fig. 6). Furthermore, the flux values at this time showed somewhat opposite 
patterns, and an increase in flux for the bare roof meant a simultaneous decrease 
in flux for the green roof and vice versa. This created a greater division of heat 
flux values between the two roof types. Temperatures recorded within the hotbox 
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and on the surface had shown greater fluctuations for the bare roof than they were 
for the green roof (Fig. 4), indicating further that the green roof was more resistant 
to change. As a result, November and December 2014 were two months with a 
high reduction in heat loss achieved from the addition of a green roof (Table 4). 
 
To put the heat flux values into a quantity of heat loss, the average daily heat flux 
was converted into a daily average energy loss. Fig. 7 shows the average amount 
of energy lost daily, for each month, through the green and bare roof structures.  
 
 
Figure 7. Average daily energy loss through the bare and green roofs each month 
(mean ± standard deviation, Oct., n = 31; Nov., n = 30; Dec., n = 31; Jan., n = 31; 
Feb., n  = 29; Mar., n = 31). 
 
The average amount of mega joules lost through the green and bare roofs provide 
a quantifiable measurement for how much energy was lost through the green roof 
and bare roofs. The amount of energy saved each month, throughout the winter 
season, due to the addition of the green roof, is statistically significant (paired t-
test: p < 0.001). In both the bare and green roof cases, the loss of energy followed 
temperature patterns, and as the coldest temperatures where reached in January, 
the lowest heat flux and energy loss values were also reached at this time. The 
energy source (light bulb) and the steady energy input it provided allowed 
changes in ambient air temperature to affect interior temperatures and system 
energy balance. Nonetheless, there are differences in the way the two roofs 
reacted to the temperatures experienced each month and some months were better 
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than others for the green roof in comparison to the bare roof. Table 5 summarises 
the percent reduction in heat loss achieved by the addition of the green roof each 
month. 
 
Table 5. Average daily reduction in heat loss due to the green roof (mean ±	SE)		
Month % Reduction 
Oct. 28.3 ± 2.48 
Nov. 32.5 ± 6.83 
Dec. 35.5 ± 1.84 
Jan. 28.7 ± 3.70 
Feb. 34.9 ± 2.43 
Mar. 35.8 ± 2.60 
Mean 32.6 ± 1.39 	
During the whole winter season, the average reduction in heat loss, from the 
addition of the green roof, was just over 30 %. This agrees with my fifth 
hypothesis that states there will be a significant amount of energy savings with the 
addition of the green roof. The highest reductions were in December 2013 and 
March 2014, and the lowest in October 2013 and January 2014. These results 
concur with the results of the green roofs equivalent thermal resistance results for 
each month (Table 3), except in the month of January, when snow was present on 
the rooftops. 
 
Overall the most important values for understanding thermal behaviour of the 
green roof materials were thermal resistance and conductivity. Fig. 8 shows the 
overall, or equivalent, thermal resistance and conductivities for each month during 
the winter season. 
 
The general pattern of the green roof’s thermal behaviour becomes more 
beneficial during colder months. When all the layers froze in January 2014, 
thermal conductivity reached the lowest point, and when no layers were frozen, in 
October and March, conductivities were the highest. Fig. 8 corresponds with 
Table 3, which has shown how the green roof is acting under different frost depth 
scenarios.  
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Figure 8. Green roof average equivalent thermal conductivity and resistance 
during the winter season (Mean ±	SE). 
 
It is important to note that Fig. 8 corresponds directly to the thermal behaviour of 
the green roof components, and their ability to transfer heat. In other respects, 
Table 5 shows how advantageous the green roof may be when all external factors 
(temperature, snow, solar heat, etc.) are considered. 
 
Internally, the volumetric water content (VWC) of the layers is a major factor in 
determining the overall heat flux through the green roof, and one of the most 
dynamic properties. To understand how the soil layer’s thermal conductivity was 
affected by the amount of water contained within it, the changes in VWC of the 
soil were measured at time intervals matching that of the temperature 
measurements (every 20 min.) (Fig. 9). 
 
From the VWC it is seen that freezing ambient air temperatures cause a dramatic 
drop in the soil water content as the water freezes. This occurs at first in the end of 
November (24.11.2013), when the VWC decreased from ca. 0.20 m3m-3 to a VWC 
of ca. 0.06 m3m-3 in the beginning of December (05.12.2013). Ambient air 
temperatures during this time decreased from 0 oC to -7 oC, causing water in the 
soil to change from a liquid to a solid state. 
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Figure 9. Daily average volumetric water content of the soil layer at a depth of 5 
cm (i.e. in the middle of the substrate) from October 2013 to March 2014 (mean ±	standard	deviation,	n	=	71). Average values of the three green roof replicates 
were used to construct this figure. 
 
The same phenomenon is witnessed again in January when temperatures 
decreased well below 0 oC, to values of ca. -20 oC. The VWC at this time reached 
its lowest point of ca. 0.02 m3m-3. Finally it is interesting to see that during periods 
of thawing (i.e. 14.3.2014), the VWC is not as great as it was prior to freezing in 
October 2013, even though snow on the roof surface is melting into the vegetation 
and soil layers below. The structure of the substrate controlled the amount of 
water that was held in the pore space and Fig. 9 demonstrates that the VWC 
peaked at just over 0.20 m3m-3. The maximum VWC value of 0.21 m3m-3 (21%) 
was reached just before freezing had begun on 23.11.2013. 
 
 
4. Discussion 
 
Results indicate that all, except one, of my hypotheses were supported. The green 
roof resisted heat loss better than the bare roof and was able to cause a significant 
reduction in energy loss. The thermal conductivity of the green roof was at its 
lowest when the entire green roof froze, and was at its greatest during oscillating 
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periods of freezing and thawing. Despite the thermal conductivity values achieved 
by the roofs, total heat flux through the roofs was affected by other environmental 
factors including moisture content and snow cover. These two factors had a 
negative correlation with reduction in energy loss for the green roof compared to 
the bare roof. 
 
A major finding in this study was observed when the green roofs froze. It was 
hypothesised that since ice has a higher thermal conductivity than water (about 
four times), freezing temperatures will increase the thermal conductance of the 
green roof layers containing water. However, the opposite was experienced and all 
the green roof layers had reached the lowest thermal conductivity when they 
froze, especially the soil and vegetation layers. This phenomenon is explained in 
detail below. 
 
While these results apply mainly to winter conditions, it may be assumed that 
during other seasons the green roof would, for the most part, act as an insulator to 
negative heat flux. In the summer, vegetation on the green roofs has the added 
benefit of evapotranspiration and shading that enhances the green roof’s ability to 
keep the roof surface cool and resist negative heat gain (Saadatian et al. 2013). 
However, increased insulation also resists heat from leaving the building in the 
warm summer when heat loss is beneficial (Berardi et al. 2014). Overall, studies 
conducted for year-round performance of green roofs, the summer, and other 
warm periods, have shown to have greater thermal benefits than during the cooler 
seasons (Liu 2002, Liu & Minor 2005, Sailor et al. 2012, Saadatian et al. 2013). 
 
4.1. Thermal conductivity, resistance and thickness 
 
In this experiment, the green roof was much thicker than the plywood and the wall 
insulation. The insulating walls had a thickness of 50 mm, the bare roof had a 
thickness of 24 mm, and the green roof had a total thickness of 144 mm.  
Theoretically, if the insulation material were equal in thickness to the green roof, 
it would have a thermal resistance of 4.11 m2KW-1 (calculated from FinnFoam 
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Technical Specifications), slightly above the green roof’s best-case average of 
3.96 m2KW-1; and if the bare roof was equally as thick, it would have a resistance 
of 1.60 m2KW-1 (assuming K = 0.09 Wm-1K-1). Therefore, from the perspective of 
thermal resistance, synthetic insulation is a better insulator than the green roof, 
and the green roof is a better insulator than the bare roof.  
 
Thermal conductivity, on the other hand, provides information of a material’s 
ability to transfer heat as a function of thickness (Moran & Shapiro 2004). The 
thermal conductivity values in Table 3 show that the green roof, as a whole, is 
actually able to transfer heat more easily, per unit of thickness, than the insulation 
material, regardless of frost conditions. The insulation material had a K-value of 
0.035 Wm-1K-1, and the lowest K-value the green roof reached was 0.05 Wm-1K-1. 
It was also shown that, except in the case of frost penetration to all layers, the 
green roof conducts heat more easily than the bare plywood. The plywood had a 
K-value of 0.09 Wm-1K-1 and the green roof only reached this value when frost 
had penetrated well into the soil layer and further. So from this perspective, the 
green roof is a better insulator than the plywood (bare roof) only when frost 
penetrated into the soil layer and further.  
 
Therefore the thickness of the roof plays an important role in overall heat flux, 
and, depending on the materials used, can govern decisions on design. Previous 
studies have shown that increasing the growing medium depth increases the heat 
resistance and has a substantial impact on decreasing the thermal load (Berardi et 
al. 2014). It is important to note that these results are for interior to exterior heat 
transfer during the winter season, when vegetation was dormant and snow cover 
influenced results. During the summer season, the natural cooling abilities of the 
vegetation become predominant, and the influence that thickness has on thermal 
performance is less significant in comparison (Jim & Tsang 2011). 
 
4.2. Frost depth and thermal conductivity 
 
The greatest thermal resistance occurred when the prefabricated vegetation mat, 
the soil, and the VT-filt & Nophadrain layers were all frozen; and the worst case 
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occurred during thawing periods with snow cover (Table 3). Variability between 
these numbers shows how vulnerable green roofs are to environmental conditions, 
and elaborates the need to understand the thermal performance of green roofs 
under all possible environmental conditions. The importance of climatic 
conditions on the thermal performance of green roofs is also expressed in warmer 
climates (Theodosiou 2009). 
 
In a separate study on the thermal properties of various ecoroof soil types, Sailor 
et al. (2008) showed that there is also large variation in thermal conductivity at 
positive temperatures (no frost penetration). Their results detail that thermal 
conductivity can range from 0.25 to 0.34 Wm-1K-1 for dry soils, and 0.31 to 0.62 
Wm-1K-1 for wet soils. They therefore stressed the importance of including both 
daily and seasonal property variation within ecoroof energy balance models. 
 
From this study, since thermal performance was optimal when the roof was 
completely frozen, if this green roof is going to be used for the purpose of 
insulation, then the best climates to use them in are cold ones that have long 
periods of sub-zero temperatures. Other studies have shown that green roofs are 
thermally beneficial in the summer and warm spring times (Liu 2002, Sailor et al. 
2012, Saadatian et al. 2013), but may even be productive during (unfrozen) winter 
seasons, such as those in subtropical regions, if the roof acts as a good heat sink 
(Jim 2014). In a study on the effects of vegetation on masonry facades in 
Maritime climates, it was shown that highest energy savings are achieved during 
sub-zero temperatures and more severe wind and rain conditions, and less so 
during moderate weather conditions (Cameron et al. 2015).  Therefore, a 
conclusion from this study, along with support from other studies, may be that 
green roofs have good thermal performance at more extreme (warm and cold) 
temperatures, but are less beneficial during moderately cold and wet periods; and 
this pertains to location-wise climatic situations. 
 
A major finding in this study is that a frozen green roof is a better insulator than 
an unfrozen one. This is contradictory to my second hypothesis about green roof 
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thermal behaviour in freezing conditions because the thermal conductivity of ice 
is about 4 times higher than the thermal conductivity of water (Kwater = 0.60 W m-
1K-1, Kice = 2.30 W m-1K-1: Moran & Shapiro 2004), and thus it would seem to 
follow that a frozen green roof would also have a higher thermal conductivity. 
The reasons for this are both similar and individual for each layer, but are mostly 
attributed to the bridge water effect at positive temperatures, and particle 
discontinuity at negative temperatures; both are explained in the layer discussion 
below. 
 
In January 2014, all the layers’ thermal conductivities were at their lowest values 
because of cold temperatures and the thermal qualities of the frozen layers. When 
none of the layers were frozen, and water was reintroduced and dynamic within 
the layers, thermal conductivities were the highest. This agrees with previous 
studies that demonstrate an increase in thermal conductivity with increased soil 
saturation (Sailor 2008, Ouldboukhitine et al. 2012). The discussion below 
describes what is happening within each layer, and provides possible explanations 
for the thermal conductivity phenomena occurring throughout the winter.  
 
4.3. Soil 
 
Thermal conductivity of the soil layer in unfrozen conditions was on average 0.30 
W m-1 K-1. As frost began to penetrate into the soil layer, this K-value decreased to 
0.20 W m-1 K-1, and then finally remained at 0.12 W m-1 K-1 when frost had fully 
penetrated the layer (Table 4). This was contrary to my original predictions about 
how ice would affect thermal conductivity. The soil layer had the highest thermal 
conductivity of all the experimental layers. This is likely due to its higher density, 
and thus connectivity within the soil structure (Campbell & Bristow 2014). 
 
It has been shown that the water content of a soil is a significant factor for thermal 
conductivity, and that the thermal conductivity of soil has a positive correlation 
with moisture content at positive temperatures (Farouki 1981). Water is a 
relatively good conductor compared to air (Kwater = 0.60 Wm-1K-1, Kair = 0.024 Wm-
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1K-1: Moran & Shapiro 2004), and as the pore space within the soil becomes 
saturated, heat is transferred directly through the connected soil particles, as well 
as the additionally connected soil structure created from the presence of water. 
Water covers and lines the solid particles and creates new paths of connectivity 
between the particles (Farouki 1981). Therefore, water in the pores of the soil 
bridges the gaps or pore space, and increase the surface area that is effectively 
transferring heat. This is known as the bridge water effect as described by Penner 
et al. (1975). The same may be said for the vegetation and VT-filt layers that also 
have structures of solid material and pore spaces. For all of these layers, 
increasing the water content increases the thermal conductivity at positive 
temperatures, as demonstrated in this experiment. 
 
However, at negative temperatures this relationship does not always hold true 
when the soil is highly saturated or has high moisture content. Soils that have a 
low degree of saturation may show the opposite effect, causing it to have a lower 
thermal conductivity when it freezes (Fig. 10) (Farouki 1981). This result was 
contrary to what was expected because the thermal conductivity of ice is greater 
than that of water. 
 
  
Figure 10. Thermal conductivity as a function of degree of saturation of gravel 
material at positive and negative temperatures. Sr = soil saturation level (figure 
adapted from Farouki 1981). 
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This phenomenon may happen when water in the soil freezes to create ice because 
some of the connectivity is lost as the water molecules reform to create a solid. 
The contact points, and bridge water, that existed in liquid form are lost as the 
molecular coherence become greater within the ice itself as the ice crystals 
formed, moving the H2O molecules together, and away from the walls of the 
solids (Penner 1970). 
 
Ice within soil is inconsistent and complex because ice crystals vary in shape, size 
and orientation. A disconnection within the soil may be created when the ice 
forms and air pores are developed within the ice structure itself (Farouki 1981). 
Furthermore, expansion occurs causing soil particles to disconnect as they move 
outward. This disconnection and development of void space within the material 
decreases the available surface area in which conductive heat transfer can occur, 
and the soil layer becomes a less efficient heat transfer medium (Farouki 1981).  
 
The efficiency continues to decline with declining temperatures as more water 
changes to a solid phase (Hoekstra 1969, Farouki 1981); and this is confirmed in 
Table 4, in which a positive correlation between decreasing thermal conductivity 
and decreasing soil temperature is shown. This can also be seen in Fig. 4A, where 
the difference between the green roof interior hotbox temperature and the green 
roof surface is increased exactly when the soil layer crosses from positive to 
negative temperatures and thermal resistance is suddenly increased. The 50-60 
mm thick substrates in this study were quite coarse (Table 1): 49 % (by weight) 
could be classified as sand (0.2-2.0 mm) and 37 % as gravel (2-60 mm) according 
to the Geological Survey of Finland (Aaltonen at al. 1949). The rough-grained 
substrate readily infiltrates water, keeping the substrate unsaturated, further 
enhancing inefficient heat transfer. 
 
Depending on the soils properties, there may be a critical point for the moisture 
content that will cause thermal conductivity to increase or decrease upon freezing 
(Sawada 1977). The critical point theory for moisture content and thermal 
conductivity has been shown in various soils with various properties and 
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aggregate size. The relationship is not valid for every soil type but has been 
shown to hold true for several different types (Farouki 1981). The critical point 
theory is shown in Fig. 11, in which a sandy soil (thus, corresponding to the soil 
used in our green roofs) has been tested for thermal conductivity at various 
moisture contents in unfrozen and frozen conditions.  
 
 
Figure 11. Logarithm of thermal conductivity as a function of moisture content of 
fine sand material, at positive and negative temperatures. Critical moisture content 
point shows the point where the moisture content will cause either an increase or 
decrease in conductivity upon freezing (figure adapted from Farouki 1981, 
original from Sawanda 1977). 
 
In the soil studied by Swanda (1977), the critical moisture content was ca. 15-20 
%. The VWC of the green roof soil in this study remained below the critical 
moisture content before freezing, ca. 20 % (Fig. 9), and therefore achieved a 
decrease in thermal conductivity upon freezing; effectively increasing the overall 
insulation capacity of the roof. In design, it would be beneficial to find the 
moisture content critical point and use a soil that remains below this point in order 
to maximize the thermal resistance of the green roof in freezing temperatures. 
 
 
4.4. Prefabricated Veg Tech Mat and surface interactions 
 
 
The vegetation mat acted similar to the soil layer, and the thermal conductivity 
values are shown in Table 4. As more moisture froze within the mat there is a 
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reduction in thermal conductivity. The K-value decreased from 0.25 W m-1 K-1 at 
no frost penetration to 0.17 W m-1 K-1 when partially frozen, and then finally 
remained at 0.09 W m-1 K-1 when the frost had fully penetrated the layer. The 
vegetation layer acted as a better insulator than the soil layer at all times, probably 
because of the lower density and greater void space within the structure. A void 
space that allows water to pass will endure a larger fraction of air within its 
structure, and therefore have a higher thermal resistance (Shiozawa & Campbell 
1990). 
 
The vegetation layer, as the uppermost layer, is interacting with the surrounding 
external environment and is involved in energy and mass transfer with the 
surroundings (Sailor 2008). During winter, the surface layer is receiving thermal 
inputs from radiation, and mass inputs from air passing over the surface, as well 
as snow falling on the surface. The energy budget of the surface vegetation layer 
is mainly influenced by the soil’s thermal properties, moisture in the soil, leaf area 
index (LAI), and foliage type (Sailor 2008). Furthermore, when the heat flux of 
the roofs in this study were analysed alongside measured environmental factors, 
including solar radiation, volumetric water content, precipitation, ambient air 
temperatures, and snow depth accumulation, it was shown that snow accumulation 
on the surface had a dominating effect.  
 
It was shown that during times of snow cover, the green and bare roofs had both 
achieved a lower heat flux through them (Fig. 5), indicating that the snow acted as 
an insulating material. In fact, fresh, low-density snow has been recorded to have 
a thermal conductivity as low as 0.06 Wm-1K-1, and dense wet snow may reach 
values up to 0.77 Wm-1K-1, with an average near the lower limit (Calonne et al. 
2011). The relatively low thermal conductivity of snow had therefore played an 
important role in insulating the roofs, and Bass and Baskaran (2003) indicated that 
temperature profiles within green roof systems are strongly dependent on the 
extent of snow accumulation.   
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The snow cover that built up during January (ca. 15 cm) caused it to be the month 
in which the green roof showed the least reduction in heat flux compared to the 
bare roof; supporting my sixth hypothesis. Snow on the bare roof had a dramatic 
effect on heat flux reduction, but on the green roof it provided only slight overall 
reductions (Figs. 5 & 6). At first when the soil and vegetation froze on the roof, 
and the first snowfall remained on the surface (10.01.2014), there was a great 
reduction in heat flux for the green roof. However, with a continued decrease in 
temperatures and greater snow accumulation, there was an unexpected increase in 
heat flux for the green roof that occurred on 16-17 January 2014 (Fig. 5); possible 
explanations for this are discussed below. 
 
If snow had not been present on the roofs, it may be assumed that January would 
have been the month with the greatest reduction in heat loss from the green roof, 
because it was the month with the lowest thermal conductivity values (Table 3 & 
4). The nullifying effect that the snow had on the green roof was expected because 
it has been shown in prior studies (Berardi et al. 2014, Zhao & Srebric 2012); in 
which energy savings for buildings with green roofs are reduced under snow 
conditions because snow diminished the thermal resistance of the roof. 
Furthermore, Zhao et al. (2015) found that without snow cover green roofs 
reduced a building’s heating energy consumption by 23 % when compared to the 
energy consumption of a reference buildings with traditional roof assemblies, but 
when a snow layer accumulated on the roofs, this energy saving was reduced to 5 
%. Despite the fact that snow reduces the benefits of the green roof, the green roof 
in this experiment still benefited from a greater snow depth and increased duration 
of snow cover compared to the bare roof. Results from this study, and a study by 
Lundholm et al. (2014), show that with greater snow accumulation there are 
greater reductions in overall energy loss through the green roof. Therefore, a 
green roof design that assists snow accumulation, by means of vegetation type or 
otherwise, such as low slope of a roof, will increase overall thermal resistance 
(Lundholm et al. 2014). 
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Reduced heat loss through the green roof caused the vegetation temperatures to be 
colder than the bare roof surface, throughout the winter (Fig. 4). This caused snow 
to accumulate on the green roof before the bare roof, and remain for a longer time 
(Fig. 12). The increased duration of snow cover was beneficial for the green roof 
in terms of reduced energy loss during the winter season. This is seen during 
times when the temperature was oscillating around 0°C at the end of November 
2013 to mid-December 2013 and during mid-February 2014 to mid-March 2014 
(Fig. 6). During these times the wet and uncovered bare roof was losing energy 
more efficiently than the cooler snow covered green roofs, at a level unmatched at 
other times during the winter (Table 5).  Furthermore, Lundholm et al. (2014) 
mentioned that the presence of a green roof can reduce the frequency of freeze 
thaw cycles and that snow cover reduced the magnitude of temperature 
fluctuations. 
 
 
Figure 12. Green roof on the left and bare roof on the right during one of the days 
in February 2014 when snow cover melted only on the bare roof due to increased 
heat transfer. 
 
From surface temperature analysis it was estimated that during the winter season 
the green roof had 20-25 more days of some snow cover than the bare roof; 
occurring mainly in December and February when reductions in heat loss were 
above average (Table 5). Prior to this study there has not been a quantitative study 
of the effects of green roofs on the duration of snow accumulation (Lundholm et 
al. 2014). 
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The reason the green roof did not benefit as much as the bare roof during times of 
snow cover may be due to non-linear heat transfer in the green roof. This factor 
may also be used to explain why there was a sudden increase in heat flux on 16 
January 2014 (Fig. 5). When the insulation layer of snow was added to the surface 
of the roof, the heat transfer direction was altered, and more heat escaped the 
system through the sides of the green roof. Since the green roof test area had 
plywood along the short ends, and continuous green roof along the long sides, it 
may be that the presence of snow created more heat to flow in the horizontal 
direction and less vertically, following paths of greater conductivity. The bare roof 
on the other hand only had one layer of plywood and little surface area for heat to 
escape horizontally. Therefore, a new heat transfer regime occurred in the 
horizontal direction for the green roof, and the bare roof’s heat transfer regime 
remained the same (predominately vertical). This may be a factor that caused the 
green roof’s heat flux to increase, and the bare roof’s flux to remain at a reduced 
level during times of snow cover. The same effect was observed in Zhao et al. 
(2015), in which reductions in relative energy savings was thought to be attributed 
to a change in the heat transfer processes for the bare and green roofs. Bass and 
Baskaran (2003) detailed in their study that the insulating effects of snow, during 
heavy snow coverage, dominated the thermal phenomenon observed and 
overshadowed any difference in thermal performance experienced between the 
bare and green roofs. 
 
Additionally, the similar surface characteristics of the bare and green roofs during 
snow cover may have added to why the heat flux was similar at these times. When 
snow was present on both roof types, the albedo and emissivity of the roof surface 
became similar and thus, heat transfer by radiation for both roofs was made 
similar (Zhao & Srebric 2012).  
 
It is important to note that green roofs in general, mainly due to the higher albedo 
of the vegetation, reflect a greater portion of the incident radiation compared to 
the dark rough surface of a conventional roof (Kolokosta et al. 2013). Therefore, 
there are less thermal gains through the surface of a green roof and less heat 
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transferred downward into the box through conduction. This may have a negative 
effect on energy demands during the cold season, when increased solar heat gain 
would be beneficial (Jaffal et al. 2012, Lundholm et al. 2014).  
 
In this experiment, analysis of incoming solar radiation and heat flux had shown 
that the bare roof had only a modest relationship, and the green roof had shown no 
relation. During times of high solar radiation there were even times of heightened 
heat flux for the bare roof. Therefore, experimentally, thermal gains from solar 
radiation only benefited the bare roof slightly, while other factors governed 
overall heat flux. This was probably due to the weak nature of solar radiation 
during winter (Ruosteenoja & Räisänen 2009), and the surface conditions of the 
roofs during periods of snow and ice (Zhao & Srebric 2012). Furthermore, the 
bare roof surface was finished with a reflective coating and thus was not 
absorbing solar radiation very well (Taha et al. 1992). 
 
The bare roof also experienced a decrease in heat flux in January 2014 (Figs. 5 & 
6). This decrease is due to the equalization of the temperature differential between 
the box and the surface in the presence of snow (Lundholm et al. 2014). Snow on 
the plywood surface acted as an insulator, warming the surface and bringing its 
temperature closer to the temperature inside the hotbox. The decrease in 
temperature gradient over the plywood would also mean a decrease in heat flux 
(Eqn. 1), and as the snow cover on the roof got thicker, the heat flux is 
theoretically reduced. Empirical results agree but the overall heat flux is also 
largely dependent on the snow properties (Zha et al. 2015). Once the plywood 
warmed above zero degrees, the snow began to melt at the plywood surface and 
thermal conductivity increased when the air temperatures increased to positive 
temperatures (Fig. 4A & 5). 
 
During times of thawing, the green roof’s soil and vegetation layers showed the 
highest thermal conductivity compared with any other time (Table 4E). During 
these times (mainly in February), there was snow cover on the roofs but the soil 
and vegetation were no longer frozen. The surface vegetation layer remained 
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around 0 °C as the snow on top of it melted, refroze, and melted into the layers 
below (indicated by the surface thermocouples). This created a scenario with 
greater fluid dynamics within the vegetation and soil layers, and increased the 
water content of both layers (Fig. 9). The cold (low energy) water trickling down 
into the vegetation and soil layers caused thermal conductivities to increase to 
0.43 W m-1 K-1 and 0.51 W m-1 K-1, respectively, and was four times the value of 
the frozen scenarios (0.09 W m-1 K-1 and 0.12 W m-1 K-1, respectively) (Table 4). 
Therefore, thawing periods for the green roof were the periods with the least 
thermal resistance within the soil and vegetation layers. This phenomenon was 
also experienced in a study by Saadatian et al. (2013) that showed greater heat 
flux through the green roofs during times when the temperatures are close to 0 °C 
and there was either warming wet snow or rainy conditions on the roof surface. 
 
Furthermore, within the soil layer, the freeze-thaw period had shown that the 
moisture content was lower than in warm conditions, and indicates that some of 
the water was still frozen in the layer. This partial freezing and mix between water 
and ice within the soil structure may have resulted in maximum connectivity and 
an increased temperature gradient, and thus, be a reason for increased thermal 
conductivity (Farouki 1981). The partially frozen soil and vegetation may also 
have reduced their permeability (Bass & Baskaran 2003), permitting less water to 
the VT-filt and ND layers, keeping them relatively dry, and thus maintaining their 
low thermal conductivity during times of thawing (Table 4). 
 
 
4.5. Nophadrain & VT-filt 
 
 
The Nophadrain (ND) layer was a very good thermal insulation because of the 
large volume of stationary air it holds, and because of the poor connectivity 
through the layer (Nophadrain Technical Data 2013). Due to the layer’s cup 
shaped perforations and thin HIPS structure, there is not much surface area 
available for transferring energy by conduction. However, the conductive surface 
is increased as water fills the cupped space, and as the water volume nears the 
water holding capacity of 3.2 l m-2, thermal energy should be able to pass through 
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the layer more easily. As seen in Table 4, data obtained on the thermal 
conductivity of the Vt-filt and ND indicated that the layers together had a 
relatively low thermal conductivity, and that it remained fairly consistent despite 
changing concentrations of water within the layers. Moreover, when moisture 
began to freeze and turn into ice, the thermal conductivity value decreased from 
an average of 0.10 W m-1 K-1 to 0.06 W m-1 K-1, resisting heat flow even further. 
Consistencies in the data, along with the low conductivity values, are likely 
attributed to the ND layer more than the VT-filt for reasons described below. 
 
The ND layer, due to its cupped structure, compromises a large amount of air, 
even when it reaches its water holding capacity (Nophahdrain Technical Data 
2013); and the VT-filt layer, as a permeable material, loses almost all of its air 
content as it becomes saturated (Veg Tech Technical Data 2015). Air, especially 
when static, is a good insulator with a value of 0.024 W m-1 K-1, and the ND layer, 
at saturation, consisted primarily of air, approximately 82% by volume, while 
water and HIPS comprised approximately 12.8% and 5.2% of the volume, 
respectively (Values calculated from Nophahdrain Technical Data 2013). The VT-
filt layer had a high water holding capacity, 8 l m-2 when flat, and 7 l m-2 at a 7% 
slope (values calculated from Veg Tech Technical Data 2015). At saturation, 
water fills the void space of the VT-filt layer, replacing the insulating air with 
conductive water. 
 
The VT-filt layer has a density and structure that allows it to capture and hold 
water within its pore space. At saturation the layer may be ca. 70% water by 
volume, and the rest is the felt material and a small amount of air (values 
calculated from Veg Tech Technical Data 2015). In a dry state the layer would be 
a good insulator because the pore space would be filled with air. However, due to 
its retention capacity, the water content likely remains near saturation for the 
majority of time, and could therefore be assumed a poor insulating material in 
unfrozen conditions. This same effect of increased moisture content on insulation 
values has been shown on other felt materials (Schiavon & Lee 2013), and is thus 
assumed to qualify for the VT-filt as well. 
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Overall, heat flow through the two layers is likely influenced, predominantly, by 
the large fraction of air that is maintained within the ND structure, and the VT-filt 
likely has a thermal conductivity close to that of water, according to the structure 
of the layers (Nophahdrain Technical Data 2013 & Veg Tech Technical Data 
2015). The drainage layer studied in Liu and Minor (2005) was also shown to be a 
valuable insulation layer for the green roof due to the entrapped air. 
 
The reason for a decrease in overall thermal conductivity of the VT-filt and ND 
layer (Table 4) may be attributed to a loss of connectivity between the bottom of 
the ND and the plywood, or a loss of connectivity in the VT-filt layer the same 
way a loss occurs in the vegetation and soil layers upon freezing (as described 
above). For accurate evaluation of these two layers, further studies on their 
individual thermal behaviour are needed. Nonetheless, together they are a 
relatively good insulating layer in the green roof. 
 
4.6. System limitations 
 
In each experimental roofing setup the heat source, insulated box, roof base and 
overall construction was the same. The only difference was the green roof and 
was thus assumed to be the only factor responsible for thermal differences 
between the two systems. However, the model used is imperfect on a practical and 
theoretical level.  
 
The system and measurement scheme were imperfect. The system was losing 
energy that was unaccounted for because of conduction through the box 
insulation, horizontal conduction through the plywood and green roof layers, non-
uniform vertical conduction, and air infiltration/exfiltration through cracks in the 
box. However, these limitations occurred across the experimental setup. 
 
The overall energy balance omitted energy in the form of latent heat. Latent heat 
is energy that is expelled or consumed during the phase change of water, during 
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which temperatures do not change (Avison 1989). This process occurs in all 
layers of the green roof but is not accounted for in the overall energy budget. Most 
notably the interior of the hotbox will have water in the form of liquid, solid, and 
vapour, and the latent heat of the evaporation (2257 kJ Kg-1), and the latent heat of 
fusion (333 kJ kg-1) (Fang 2013), should be accounted for in a complete analysis. 
Therefore, analysis of the interior air humidity and surface evapotranspiration 
would provide an additional understanding for the total energy balance budget. 
However, the Decagon temperature devices used were unable to give information 
about relative air humidity. Moreover, at the surface of the green roof there are 
complex mass and energy transfers occurring as the vegetation and soil interact 
with the surrounding environment (Djedjig et al. 2012). In this experiment these 
interactions have not been modelled and surface latent heat fluxes were also not 
modelled. Nonetheless, even though latent heat does affect the overall energy 
balance within the green roof layers, the heat transfer analysis performed in this 
study does provide reliable estimates without it. 
 
The theoretical analysis of the green roofs involved mathematical models to 
evaluate conductive heat transfer through the roofs. Heat transfer occurs in three 
different modes: conduction, radiation and convection, but since this study 
evaluated heat transfer within the materials, conduction was the only heat transfer 
mechanism analysed. The steady state method used for conductive analysis 
simplified the complex interactions that occur in this type of thermodynamic 
system, and measured conduction at many single “steady state” instances. While 
useful and applicable, steady state analysis alone does not evaluate the dynamic 
thermal processes that are occurring in an unsteady system, and thus, is limited to 
estimate values. Dynamic analysis is a more complete tool for a real system that is 
constantly changing. Dynamic analysis looks at the changing data over time when 
the roof components are warming or cooling and incorporates thermal processes 
that are otherwise left out of a steady state analysis, such as thermal inertia and 
diffusivity (Lu-Tervola 2015). In an unsteady state, thermal conductivity is not the 
only governing process. Thermal diffusivity is the ratio of thermal conductivity 
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divided by heat capacity, and becomes the governing parameter of a dynamic 
system (Farouki 1981).  
 
Furthermore, the green roof and the bare roof are two very different dynamic 
systems. The thermal mass of the green roof components increases the thermal 
inertia of the system, causing delayed and dampened responses to external 
changes in temperature (Georgopoulos & Minson 2014). The bare roof had less 
thermal inertia and was able to reach a state of maximum entropy in a shorter 
time; and therefore, must have been near a state of equilibrium more often than 
the green roof, decreasing the dynamic rate of change. In the months of October, 
November, and December 2013 the delay and dampening of temperature 
fluctuations is clearly seen from the opposite flux patterns obtained (Fig. 6). When 
the roof components began to freeze in January 2014, the flux patterns changed to 
resemble that of the bare roof, and increases in flux for the bare roof also meant 
increased flux for the green roof and vice versa (Fig 6). Thermal delays are again 
related to thermal diffusivity and should be considered for a more accurate 
analysis. Dynamic modelling of green roofs has been conducted in other studies 
(Djedjig et al. 2012); and good computer models that incorporate the major 
dynamics processes along with all the heat transfer mechanisms (conduction, 
convection, and radiation) have been developed (Sailor 2008). However, these 
studies only evaluate green roofs in unfrozen conditions. Similar dynamic 
modelling is still required for cold climate green roofs. 
 
4.7. Green roof design 
 
The green roof used in this study is only one way in which a green roof may be 
compiled. The components of the green roof are variable in their thicknesses as 
well as their materials. Plant species on the roof also contribute to overall 
effectiveness and may change from rooftop to rooftop or patch to patch as the 
vegetation differs. The design of a green roof should be a response to the purposes 
of the roof, and suited to local climatic conditions.  
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My results indicate that a green roof does have the potential to be an effective 
insulator, as long as it has been designed properly for winter use. Design 
techniques including increased soil depth, the use of winter specific vegetation 
(i.e. shrubs that accumulate snow and retain stagnant air), and coarse, water 
permeable substrate structures can all enhance insulation during cold seasons. 
 
In optimal cases a green roof may be used as a multifunctional mechanism for 
sustainable design. For example, a green roof may be utilized for the purpose of 
retaining stormwater and insulating the building, as it was in this study. However 
a soil that retains too much stormwater may overcome the critical moisture point, 
as discussed above, and become a poor thermal insulator upon freezing. Therefore 
a proper soil structure must be chosen to maximise the benefits of both the desired 
functions simultaneously. Optimization of a green roof’s multifunctional benefits 
can be a great advantage for green roofs over conventional roofs, but only with 
proper knowledge and design (Oberndorfer et al. 2007, Berardi et al. 2014). In 
general, multifunctional aspects of green areas and other green structures in urban 
areas has been emphasised in terms of providing multiple ecosystem services 
(Hansen & Pauleit 2014). 
 
New buildings can easily be designed to take advantage of green roofing as a 
sustainable choice, however greater potential may lie within the older building 
stock. Many urban buildings are old and in need of renovations and green roofs 
may be the most cost effective way to improve the insulation capacity of the older, 
inefficient, buildings (Castleton et al. 2010). Ageing buildings have worn 
insulation that has lost its effectiveness through deterioration and displacement 
and are in need of renovation to reduce heat loss (Haralambopoulos & Paparsenos 
1998). The incorporation of green roofs as an addition to the exterior surface of 
the roof can provide a renewed insulation layer, which requires little disruption to 
the building and the inhabitants, as long as the weight does not exceed the 
engineering load limits. If the weight limits would be exceeded, additional (often 
costly) support is also required. 
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Green roofs have greater vulnerability to environmental factors compared with 
simpler, more homogeneous insulated roofs. Inconsistent thermal conductivities 
make green roof performance less predictable in comparison to synthetic 
insulation materials, and any unknowns in performance can create an undesirable 
design parameter for engineers (Peck et al. 1999). Therefore, the complex 
functioning of the green roof can be its greatest advantage (multifunctional 
benefits) as well as its greatest disadvantage, if not understood or designed 
properly. 
 
Overall, choosing an insulating soil and complimenting it with other cold weather 
energy saving design strategies will optimize the thermal performance of the 
green roof during the cold season and be a valuable technology for the future of 
cold weather building design. However, greater knowledge on the topic is still 
required. 
 
Further studies of green roofs should focus on:  
• Finding optimal year round energy saving designs, and the development of 
a building energy simulation model that incorporates all the heat and mass 
transfer processes (steady state or dynamic) that occur in cold climates, 
including the effects attributed to snow, snow melt, ice, and frozen soils. 
• The multifunctional aspects of the green roofs in cold climates, along with 
design suggestions and limitations in establishing multi-purpose systems.  
• Providing a detailed analysis on the water-retaining mat and drainage layer 
for cold weather performance, and; 
•  The incorporation of insulation materials into the design of green roofs in 
cold climates. 
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7. Appendix 
 
Sample Calculations 
 
Bare roof heat flux 
 
 
Known: 
Qsource=25W(0.9)= 22.5W 
Lplywood=24mm, Aplywood=0.507 m2 
Linsuation=50mm, Ainsulation=2.22 m2, Kinsulation=0.035 W/mK, Rinsulation=1.45m2K/W 
@ 28.10.2013 07:20: T1=18.10 oC, T2=12.20oC, Tair=10.7 oC 
Unknown: 
Kplywood=? W/mK 
Q2=?W/m2 
Solution: 
Assume steady state and thermal resistances in parallel; 𝑄 = 𝑄1+ 𝑄2 = 𝑇! − 𝑇!𝑅!"#$%%& + 𝑇! − 𝑇!"#𝑅!"#$%&'!(" = 22.5𝑊 𝑅!"#$%%& = 𝑇! − 𝑇!𝑄 − ( 𝑇! − 𝑇!"#𝑅!"#$%&'!(") = 5.9𝐾(22.5𝑊 − ( 7.4𝐾0.65𝐾𝑊 )) 𝑅!"#$%%& = 0.53 K/W  𝐾!"#$%%& = 𝐿!"#$%%&𝑅!"#$%%& ∗ 𝐴!"#$%%& = 0.09𝑊/𝑚𝐾 
From repeating the above at other instances when the system is stable, it is found 
that the thermal conductivity of the plywood is approximately 0.09W/mK. 
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Now the heat flux through the bare roof can be calculated at all other times, 
assuming the thermal conductivity of the plywood is constant. 
@26.01.2014 13:00 T1=3.95oC, T2=1.00 oC, Tair=-9.10 oC 𝑄! = 𝐾!"#$%%&𝐴!"#$%%&(𝑇! − 𝑇!)𝐿!"#$%%&  
𝑄! = 0.09 𝑊𝑚𝐾 ∗ 0.507𝑚! ∗ 277.11𝐾 − 274.16𝐾0.024𝑚  𝑄!"#$%%& = 5.61𝑊 𝑄!"#$%%& = 11.06𝑊/𝑚! 
Therefore, heat flux through the bare roof at this given instant is equal to 
11.06W/m2. 
Green roof heat flux 
 
Known: 
Qsource=25W(0.9)= 22.5W 
Linsuation=50mm, Ainsulation=2.22m2, Kinsulation=0.035W/mK, Rinsulation=1.45m2K/W 
Lply=24mm, Aply=0.507m2, Kply=0.09W/mK 
LND=25mm, AND=0.507m2 
LVT-filt=10mm, AVT-filt=0.507m2 
Lsoil=60mm, Asoil=0.507m2 
Lvegetation=30mm, Avegetation=0.507m2 
@26.01.2014 13:00 T1=8.15oC, T2=3.73 oC, T3=-4.20 oC, T4=-7.97 oC, Tair=-
9.10 oC 
Unknown: 
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Kgreen roof=? 
Keach layer=? 
T2x, T3x=? @ interface between soil and VT-filt and interface between soil and 
vegetation mat 
Q1, Q2 = ? 
Solution: 
In steady state the energy budget for the system is: 𝑄1 =  𝑄𝑠𝑜𝑢𝑟𝑐𝑒 − 𝑄2 𝑄1 = 𝐾!"#$%&'!("𝐴!"#$%&'!("(𝑇! − 𝑇!"#$%&#!)𝐿!"#$%&'!("  
Testimate = an interpolated temperature value between Tair and T1, adjusted with 
internal energy in the hotbox. 
 
𝑄1 = 0.035WmK ∗ 2.22𝑚! ∗ (281.31𝐾 + 2.5− (𝐴𝑣𝑔. 281.31𝐾, 264.06𝐾 )0.05𝑚  𝑄1 = 17.29𝑊 𝑄2 = 22.5𝑊 − 17.29 = 5.21𝑊 = 10.28 𝑊𝑚!  
Therefore, heat flux throught the green roof at this instant is equal to 10.28W/m2. 𝐾!"##$ !""# = 𝑄2 ∗ 𝐿!"##$ !""#𝐴!"##$ !""# ∗ (𝑇! − 𝑇!) 𝐾!"##$ !""# = 5.21𝑊 ∗ 0.144𝑚0.507𝑚! ∗ 281.31𝐾 − 265.19𝐾  𝐾!"##$ !""# = 0.09𝑊/𝑚𝐾 ∴ 𝑅!"##$ !""# = 3.08𝑚!𝐾𝑊  
Through the whole roof, at this instant, the thermal conductivity and resistance are 
0.09W/mK and 3.08m2K/W respectively. This process is repeated for many 
instances and for all the various depths of frost penetration. 
 
Thermal conductivities of each layer requires a temperature gradient within the 
layer and two known temperatures. Therefore T2x and T3x need to be determined. 
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𝑇3! = 𝑇! + 𝑄2 ∗ 𝐿!"#"$%$&'(𝐴 ∗ 𝐾!"#  𝑇3! = 𝑇! − 𝑄2 ∗ 𝐿!"#$𝐴 ∗ 𝐾!"#$  
2 equations, 3 unknowns: infinite possible solutions. Using estimates from the 
literature on common materials to start, an approximate value for Kveg and Ksoil is 
achieved through repetition and by taking the avgerage. This process is done for 
all the various depths of frost penetration. 
 
With Ksoil =0.167W/mK, the temprature at the interface of the soil and VT-filt/ND 
layer is: 𝑇2! = 𝑇! + 𝑄2 ∗ 𝐿!"#$𝐴 ∗ 𝐾!"#$  
𝑇2! = 268.96𝐾 + 17.29𝑊 ∗ 0.030𝑚0.507𝑚! ∗ 0.167𝑊𝑚𝐾  𝑇2! = 270.81𝐾 = −2.35℃ 
And the thermal condictivity for the VT-filt and ND combined; 𝐾!"!!"#$/!" = 𝑄2 ∗ 𝐿!"!!"#$/!"𝐴!"!!"#$/!" ∗ (𝑇! − 𝑇!!) 𝐾!"!!"#$/!" = 17.29𝑊 ∗ 0.035𝑚0.507𝑚! ∗ 276.89𝐾 − 270.81𝐾  𝐾!"!!"#$/!" = 0.06𝑊/𝑚𝐾 
With all of the thermal conductivites known, they are placed into the scenario in 
which frost has penetrated into the vegetation and soil layers and averaged with 
the others in the same scenario. 
 
Check heat flux: 
Check if heat loss through the roof due to thermal conductivity is equal with 
changes in internal energy variations witin the hotbox. The difference in heat flux 
through the bare and green roofs should be equal to the internal energy difference 
between the bare and green roofs. Therefore, the amount of energy required to 
raise the internal hotbox temperature of the bare roof so that it is equal with the 
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green roof, will be directly related to the value of the differnce between the two 
roof’s heat losses. 
 
The energy balance equation is: 𝛿 𝐶!𝑚𝑇𝛿𝑇 = 𝑈!"#!! = 𝑄!"#$%& − 𝑘𝐴∆𝑇𝐿 !""# − 𝑘𝐴∆𝑇𝐿 !"##$ 𝑈!"#!! = 𝐶! ∗ 𝑉!!"#!$ ∗ 𝜌!"# ∗ Δ𝑇 = 𝑄!"#$%& − 𝑄! − 𝑄! 𝜌!"# = 𝑃!"#$%&'(𝑅!"#$%&%$𝑇!"#$ !""# !!"#!$ 𝜌!"# !℃ = 101325 𝑃𝑎287.06𝐽𝑘𝑔𝐾 ∗ 273.16𝐾 = 1.29𝑘𝑔/𝑚! 
@26.01.2014 13:00 𝑇1!"##$"%%&=8.15oC, 𝑇1!"#$#%%&=3.95oC 𝑈!"#!! = 1.005𝑘𝐽𝑘𝑔𝐾 ∗ 0.30𝑚! ∗ 1.29𝑘𝑔𝑚! ∗ 4.4𝐾 = 1.71𝑘𝐽 
The energy required to raise the temperature of the bare roof box to the 
temperature of the green roof box is equal to 1.71kJ. 𝑄2!"#$#%%& = 5.61𝑊 𝑄2!"##$"%%& = 5.21𝑊  𝑄!"##$%$&'$ = 𝑄! − 𝑄! = 5.61𝑊 − 5.21𝑊 = 0.40𝑊 
The energy flux difference between the bare and green roof is 0.40W.  
 
Plot the Ureq’d and Qdifference and if the two follow the same pattern, then the heat 
flux calculations are accurate. 
 
Check layer thermal conductivities: 
Compare layer thermal conductivities with overall roof thermal conductivities as 
seen in the Results section. 
 
Thermal conductivity values are also compared to literature values or estimated 
through weighted avgerage calculations on material or layer composition and 
corresponding thermal conductivities. 
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ND Thermal Conductivity Estimate 
ND water holding capacity = 3.2 l/m2 
ND total volume = 1.268x10-2m3 
Kair=0.024W/mK 
Kwater=0.60W/mK 
KHIPS=0.20W/mK 𝑉!!" = 3.2 𝑙𝑚! ∗  0.507𝑚! = 1.62𝑙 = 12.8% 𝑉!"# = 82.2% 𝑉!"#$ = 5.0% 𝐾!" = 0.024𝑊𝑚𝐾 ∗ 82.2% + 0.60𝑊𝑚𝐾 ∗ 12.8% + 0.2𝑊𝑚𝐾 ∗ 5.0%= 0.11𝑊/𝑚𝐾 
KND=0.11W/mK in saturated unfrozen conditions 
KND=0.06W/mK in dry unfrozen conditions 
*in freezing conditions replace KH2O with Kice=2.30W/mK 
 
VT-filt Thermal Conductivity Estimate 
VT-filt water holding capacity = 7.0 l/m2 at 2:5 slope 
VT-filt total volume =0.51x10-2m3 
Kfilt=0.035W/mK 𝐾!"!!"#$ = 0.035𝑊𝑚𝐾 ∗ 30% + 0.60𝑊𝑚𝐾 ∗ 70% = 0.43𝑊/𝑚𝐾 
KVT-filt=0.43W/mK in saturated unfrozen conditions 
KVT-filt=0.104W/mK in dry unfrozen conditions 
*in freezing conditions replace KH2O with Kice=2.30W/mK 
 
